Abstract. To identify preneoplastic markers for hepatocarcinogenesis, the expression levels of neighbor of Punc E11 (Nope), E-cadherin and α-fetoprotein (AFP) were investigated in carcinogen-treated embryonic cell lineages. Mouse embryonic stem cells (ESCs), hepatic progenitor cells (HPCs), and hepatocyte-like cells (HCs) representing 0, 22, and 40 days of liver differentiation, respectively, were treated in vitro with diethylnitrosamine (DEN) at 4 doses (0, 1, 5, and 15 mM) for 24 h. The expression of Nope, E-cadherin and AFP was examined by quantitative real-time PCR, western blotting and immunocytochemistry. DEN treatment significantly increased the mRNA expression of Nope in ESCs and HPCs, and that of E-cadherin and AFP in all three cell lines, although the changes in expression were triggered by varying DEN concentrations. Immunofluorescence staining revealed that Nope was expressed at the cell membrane in ESCs and HPCs and within granules or in the cytoplasm of HCs, which was also stained by E-cadherin. DEN treatment induced Nope expression in ESCs, HPCs and HCs and caused a concomitant increase in E-cadherin expression. Although Nope expression clearly increased following tumor induction, its expression pattern changed with the developmental stage. In conclusion, we determined that Nope expression may carry prognostic significance during early hepatocarcinogenesis. Moreover, Nope expression may serve as a novel oncofetal surface marker for preneoplastic stages that are not identifiable by the commonly used marker, AFP.
Introduction
In toxicology and pharmacology, embryonic stem cell (ESC) derived hepatocytes have been suggested as an in vitro alternative model for toxicity and/or carcinogenicity assay testing (1, 2) . Hepatic differentiation of mouse ESCs was first demonstrated using a stepwise method, adding specific growth factors after the formation of an embryoid body (3) . The recent generation of functional hepatocytes from ESCs using chemically defined culture conditions has revealed similarities to in vivo hepatogenesis (4, 5) . The functionality of differentiated hepatocytes is generally confirmed by the expression of specific marker proteins, such as cytokeratins (CK), GATA binding proteins (GATA), and α-fetoprotein (AFP). Expression of these indicators of hepatic development can also be used as a measure of hepatotoxicity.
ESC-derived hepatocytes and hepatic progenitors may also serve as a model to study the induction of hepatocarcinoma, as hepatic tumors originate from liver stem cells (6) . Prior to tumor formation, exposure to carcinogens first causes the formation of preneoplastic lesions as an adaptive non-oncogenic response. Similar to numerous solid tumors, hepatocarcinoma is sustained by a distinct subpopulation of cancer stem cells (7) .
Hepatocellular carcinoma (HCC) is distinguished from normal liver or dysplastic lesions by the expression of the neighbor of Punc E11 (Nope), a transmembrane protein in the immunoglobulin superfamily. Nope was initially described by Salbaum and Kappen (8) and has high sequence homology with Punc and the axonal guidance receptors, deleted in colorectal cancer and Neogenin (9) (10) (11) . High levels of Nope expression are noted at the time of transformation from preneoplastic lesion to malignant HCC (12) . Moreover, expression levels progressively increase with the advance of HCC, suggesting a potential role of Nope as a prognostic indicator.
Following our observation that diethylnitrosamine (DEN)-induced carcinogenicity in animals varies with age, we hypothesized that DEN-induced expression of Nope would vary with the differentiation stage of hepatic cells. In the present study, we investigated how sensitivity to DEN, as measured by the expression of Nope, varies with hepatic differentiation from ESCs to mature hepatocytes.
Materials and methods

Culture of mouse ESCs and differentiation of hepatic lineage cells.
Mouse ESCs (NVRQS-11F) were cultured using mitomycin C-treated mouse embryonic fibroblasts as feeder cells on 0.1% gelatin-coated dishes in Dulbecco's modified Eagle's medium (DMEM) (Millipore, Billerica, MA, USA) supplemented with 15% fetal bovine serum (Invitrogen, Rockville, MD, USA), 2 ml-glutamine (Millipore), 0.1% nonessential amino acids (Invitrogen), 1% penicillin-streptomycin (Millipore), and 10 ng/ml mouse leukemia inhibitory factor (Millipore). To differentiate ESCs into hepatic lineage cells (HPCs) in vitro, defined culture media were supplemented with rmHGF (Invitrogen), dimethyl sulfoxide (DMSO) and sodium butyrate (Sigma-Aldrich, St. Louis, MO, USA). Subsequently, mEGF (Invitrogen), oncostatin M, dexamethasone, nicotinamide and ascorbic acid (Sigma-Aldrich) were added to differentiate HCs from HPCs. Nope and E-cadherin mRNA expression. RNA was isolated from cultured cells using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA), dissolved in diethylpyrocarbonate (DEPC)-treated distilled water and stored at -80˚C until use. RNA concentrations were measured spectrophotometrically. Nope and GAPDH mRNA expression was determined by relative quantitative real-time PCR in 96-well optical plates using an ABI StepOnePlus ™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The primers are listed in Table I . The expression levels of the target genes were normalized to mouse GAPDH mRNA and are expressed as the relative expres sion. Gene expression was normalized according to the cycle number at which the fluorescence signal of the target product was detectable (threshold cycle, Ct) to provide ΔCt. The expression of the genes relative to a reference was calculated as 2 -ΔΔCt , where ΔΔCt refers to the difference between the ΔCt values of the test group and the reference.
DEN treatment of ESCs
Immunofluorescence staining of Nope and E-cadherin. Cells were cultured at a low density on coverslips and fixed in 4% paraformaldehyde for 15 min at room temperature (RT). The medium was removed by aspiration, and cells were washed twice with 1X phosphate-buffered saline (PBS; pH 7.4; Invitrogen), fixed in 4% paraformaldehyde (Sigma-Aldrich) for 5 min, and rinsed twice with 1X PBS. After cell permeabilization in 1X PBS and 0.1% Triton X-100 (PT) for 10 min, proteins were blocked with 4% normal goat serum in PT and incubated with anti-Nope (1:100 dilution; R&D Systems, Minneapolis, MN, USA). Hepatic lineage cells were incubated in anti-E-cadherin (1:100 dilution; Abcam, Cambridge, MA, USA) for 1 h at RT. Cells were then incubated with Alexa488-conjugated antirabbit IgG and Alexa597-conjugated anti-mouse IgG/IgM (Invitrogen) for 1 h at RT and counterstained with Hoechst 33258. After three washes with PBS, cells were mounted in Fluorescence Mounting Medium (Dako, Glostrup, Denmark). Immunofluorescence was detected under a confocal microscope (LSM-700; Carl Zeiss, Thornwood, NY, USA). Statistical analysis. Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA). All data were analyzed using the Mann-Whitney U test and are expressed as the mean ± SD of at least three independent experiments performed in triplicate or quadruplicate. P-values <0.05 were considered to indicate statistically significant results. (Fig. 1 ).
Results
Nope
HPCs treated with 15 mM DEN expressed 4.5-fold higher levels of Nope expression compared with the normal ESCs (P<0.001). Expression of E-cadherin significantly increased 1.5-fold in the ESCs treated with DEN 15 mM (P<0.001). AFP mRNA expression increased significantly 1.5-and 2-fold in the HPCs treated with 1 and 5 mM DEN (P<0.001), respectively, relative to the control HPCs (Fig. 2) .
HCs treated with 5 or 15 mM DEN expressed 1.2-or 1.5-fold higher levels of Nope relative to the untreated HCs (P<0.01, P<0.001, respectively). Expression of E-cadherin increased by 3-and 1.3-fold in the HCs treated with 5 and 15 mM DEN, respectively (P<0.001). AFP mRNA expression increased significantly by 2.2-fold in the HCs treated with 1 mM DEN (P<0.001) as compared to the control HCs (Fig. 3) .
Expression of Nope and E-cadherin increased in a dosedependent manner with the concentration of DEN in the cultured hepatic lineage cells. However, AFP mRNA expression increased only at lower concentrations of DEN (1 or 5 mM).
Immunofluorescence staining of Nope and E-cadherin.
Immunofluorescence staining for Nope revealed membranous expression in hepatic lineage cells derived from mouse ESCs, as well as the co-expression of E-cadherin. Merged images indicate that all cells were positive for both markers.
The cellular distribution of Nope was also compared to that of E-cadherin induced by exposure to DEN. Nope was specifically detected at the cell surface in cells treated with high doses of DEN in the ESCs and HPCs. DEN treatment increased Nope and E-cadherin expression in ESCs, HPCs and HCs (Figs. 4-6) . Furthermore, in ESCs treated with DEN, Nope expression not only increased but followed the same cell membrane pattern as E-cadherin (Fig. 4) . During differentiation into HPCs and HCs, Nope and E-cadherin expression decreased, while DEN treatment reversed this trend (Figs. 5 and 6 ).
Discussion
Given that no effective treatment exists for HCC, and upon diagnosis, most patients with advanced disease have a remaining life-span of 4-6 months, the early detection of HCC is crucial (13) . Serum AFP concentrations are often elevated in patients with HCCs, but can only be detected at advanced stages (14) . AFP, first described by Abelev et al in 1960 , is the most intensively investigated tumor marker for HCC. AFP is an oncofetal glycoprotein with a molecular weight of 70 kDa and unknown function (15) . It is physiologically expressed in fetal liver and pathologically increased in the serum of many patients with HCC, but its sensitivity and specificity are limited (60-70 and 80-90%, respectively) (16, 17) . For many years, AFP was the only marker available to identify HCC development in patients at high risk. The combination with ultrasound improves the detection rate of AFP, but a high percentage of Figure 5 . Immunocytochemistry of neighbor of Punc E11 (Nope) and E-cadherin during the development of the liver, in hepatic progenitor cells (HPCs) modulated by diethylnitrosamine (DEN) treatment, and confocal microscopy for detection of Nope in HPCs was carried out. Immunofluorescence stainings for Nope (green) showed a membranous and/or cytoplasm expression pattern. Epithelial cells were defined by costaining for E-cadherin (red), proving that all Nope-positive cells were of epithelial origin (merged image). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) (blue).
patients with HCC do not present with elevated AFP levels and vice versa. Although recent clinical trials indicate that AFP is more sensitive in detecting HCC than other newly identified markers, current guidelines no longer recommend AFP for surveillance due to its unreliability (11).
Marquardt et al reported the potential of Nope as an oncofetal surface marker for murine and human HCC, and provided evidence for its specific expression in hepatoma cell lines and primary HCC. Nope expression was selectively detected in HCC specimens but not in normal liver or dysplastic lesions, and increases in Nope expression coincided with the transformation of preneoplastic lesions to malignant HCC. Nope was found to be expressed at higher levels than AFP, and was 100% sensitive and specific for HCC in the selected mouse model (12) .
In the present study, expression of Nope was independent of AFP expression in the DEN-treated hepatic lineage cells from mouse ESCs. Although Nope expression increased with greater concentrations of the carcinogen, AFP expression remained low following treatment with lower concentrations of the carcinogen. Nope was expressed at higher levels than AFP in the hepatic lineage cells derived from mouse ESCs. Several studies have not been able to detect increased AFP in dysplastic lesions and early HCC; AFP expression appears to be specifically expressed by advanced HCC (18) (19) (20) . Thus, promising markers for the specific detection of preneoplastic and early HCC are needed. Nope seems to be a promising marker for specific, early detection of HCC that could complement other markers.
Although initial studies to identify and enrich for hepatoblasts or endodermal cells in the fetal liver relied on combinations of known stem cell surface markers expressed by many different cell types within the liver (21, 22) , more recent studies have shown that Liv2 (23), δ-like 1 homolog (Dlk1) (Drosophila) (24) , and E-cadherin (25, 26) are specific cell surface markers of fetal liver stem/progenitor cells (FLSPCs) within the developing liver.
In the present study, we detected high expression levels of Nope in DEN-treated hepatic lineage cells. DEN, a wellknown hepatocarcinogen, is widely used in mouse liver cancer models (27) (28) (29) (30) (31) (32) . Expression of E-cadherin and AFP was also highly elevated in DEN-treated cells as compared to untreated cells. When the concentration of DEN was varied (1, 5 and 15 mM), the mRNA expression of Nope and E-cadherin increased in a dose-dependent manner. In contrast, mRNA expression of AFP did not change at the highest concentration of Figure 6 . Immunocytochemistry of neighbor of Punc E11 (Nope) and E-cadherin during the development of the liver, in hepatocyte-like cells (HCs) was modulated by diethylnitrosamine (DEN) treatment and confocal microscopy for detection of Nope in HCs was carried out. Immunofluorescence stainings for Nope (green) showed a membranous and/or cytoplasm expression pattern. Epithelial cells were defined by costaining for E-cadherin (red), proving that all Nope-positive cells were of epithelial origin (merged image). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) (blue).
DEN. Nope expression patterns changed as cells differentiated into more defined hepatic cell types. Furthermore, Nopepositive cells also expressed E-cadherin, and merged images revealed that Nope was expressed only in E-cadherin-positive cells, indicating that all Nope-positive cells were of epithelial origin.
Clinically established screening methods for HCC such as ultrasound and elevated serum levels of AFP have slightly improved the accuracy of prognosis, but their sensitivity and specificity are still limited, particularly at the early stages of tumor development (7, 33, 34) . Moreover, clinically established tumor markers fail to detect up to one-third of HCC cases. In addition to high sensitivity and reliable detection of early stages in carcinogenesis, the expression of ideal tumor markers should be limited in normal tissue and correlate with disease stage. Apart from AFP, other biomarkers, including AFP-L3, Golgi protein 73, and des-γ-carboxy prothrombin (DCP), have been identified, and some show promising results for both screening and the evaluation of prognosis (35) (36) (37) (38) . However, none fulfills all the aforementioned criteria, although combinations of several markers might increase diagnostic power and prognostic reliability. Therefore, the identification of additional, more reliable tumor markers is particularly relevant (16, 17) .
The expression of other biomarkers in HCC samples has been shown to generally be lower than that of Nope, and does not reach statistical significance in comparison to AFP. Notably, a previous study suggested that the expression levels of AFP and GPC-3 are regulated by similar mechanisms (39) .
DEN-treated cells were stained positive for Nope, and Nope was specifically detected at the cell membrane during the early stages of hepatocarcinogenesis by confocal microscopy. Nopepositive cells co-expressed epithelial-specific E-cadherin. Nope was significantly overexpressed in DEN-treated hepatic lineage cells compared to untreated cells.
In conclusion, we identified that Nope may have prognostic significance during early hepatocarcinogenesis. These results indicate that Nope is a sensitive and specific marker for the early stages of hepatocarcinogenesis, and may have a superior detection rate compared to AFP. Nope is a novel oncofetal surface marker for preneoplastic stages in which the commonly used marker AFP is not yet overexpressed. This study contributes to cancer research by examining Nope expression during the early stages of hepatocarcinogenesis. Further investigations will concentrate on the functional and prognostic significance of Nope following treatment with other carcinogens.
